A biomimetic model for protein/lipid radical damage is described. The model shows that the protein degradation is accompanied by trans lipid isomerization due to thiyl radicals, derived from sulfur-containing residues and diffused through the lipid bilayer. γ -irradiation was used to obtain free radical generation and lysozyme was chosen as enzyme example.
INTRODUCTION
In living aerobic cells, free radicals are continuously generated by physiological mitochondria respiration and pathological diseases, such as inflammatory and ischemia reperfusion injury [1] [2] . By escaping the cell's antioxidant defences, free radicals can damage bio-molecules including proteins, leading to modifications involved in ageing and many degenerative diseases such as cancer and neurodegenerative disorders [3] [4] .
In fact, the exposure of proteins to free radicals may cause structural modifications of their primary, secondary or tertiary assembly; consequently, the activity of enzymes, receptors and membrane transporters can be greatly affected [5] .
Furthermore, proteins can either acts as antioxidant agents protecting other critical macromolecules from the radical damage, as in the case of albumin, or transfer the radical damage to other biomolecules [6] [7] [8] . The sites involved in radical damage are aromatic residues, sulfur-containing residues, and C-H activated positions. In this respect the fate of the radical species derived from protein damage has been the subject of many investigations. Due to its well-known structure, lysozyme (Lyso) was used for the study of radical damage, thus evidencing the involvement of tryptophane residues as well as the occurrence of an electron transfer process between tryptophane and tyrosine residues [9] [10] . For example, the intermolecular dimerization due to the coupling of tyrosyl radicals was investigated in detail [11] . Up to now, the involvement of sulfurcontaining residues of Lyso in radical transformations has not been received particular attention. We propose a biomimetic model that can report on the participation of sulfurcontaining amino acid residues and assess a radical damage occurring on Lyso under γ -irradiation conditions, analogously to what we have recently suggested for RNase [12] . Conceptually, the model is based on a tandem radical process that starts on protein and is transferred to a lipid domain represented by the hydrophobic core of membranes.
We have demonstrated the correlation between the RNase radical degradation occurring with loss of low-molecular-thiol species, and the structural alteration of unsaturated lipids forming liposome vesicles, which changed the naturally occurring cis geometry to the trans configuration [12] .
In this paper we describe the use of the protein/liposome model under the conditions of γ -irradiation in aqueous suspension in the absence of oxygen, in order to investigate the Lyso radical degradation. Lyso is a relatively small secretory enzyme (MW 14388) that attacks many bacteria by lysing or dissolving the mucopolysaccharide structure of the cell wall. It is a globular protein containing 129 amino acids of which three are tyrosine, six tryptophan, two methionine and 4 pairs of cysteine residues, forming four intra-molecular disulfide bonds (6-127; 30-115; 64-80; 76-94).
The single polypeptide chain of Lyso in the crystal state consists mainly of three structural components as determined by X-ray crystallographic analysis [13] [14] . The first component consists of three stretches of α -helix (5-15, 24-34 and 88-96), the second is an anti-parallel pleated sheet and a third is a sequence with a folded in irregular way.
In order to mimic the conditions of an endogenous radical damage, γ -radiolysis was used to obtain free radical generation. In radiolysis of aqueous diluted solutions the energy of the radiation is deposited in water, leading to the formation of three short- • and H
• , in the relative percentages of 90% and 10%, respectively [15] . This condition has been used in model studies of oxidative damages occurring in vivo [16] [17] and ultimately, for making biochemical correlations with human diseases and ageing [18] .
In this paper we report a detailed study of the Raman spectra of Lyso in aqueous solution at different irradiation doses coupled to the vesicle experiments, as well as the assays of enzymatic activity, to gather a comprehensive view of the irradiation effect. Raman spectra were obtained on lyophilised samples by a Bruker IFS 66 spectrometer equipped with a FRA-106 Raman module and a cooled Ge-diode detector.
EXPERIMENTAL
The excitation source was a Nd [19] , and then poured into brine and extracted with n-hexane. The organic layer containing the corresponding FAME was examined by GC. Irradiation was also carried out with MLV prepared in the above reported condition, without the inclusion of the protein, as a blank experiment. Phospholipid isolation and analysis has been performed as above described.
γ -Irradiation of Lyso in aqueous solution-Lyso solutions were freshly prepared in water purified with a Milli-Q system (0.6 mg/mL). Aliquots of the solution (1 mL) were transferred in different vials and saturated with N 2 O. One of the vials was directly lyophilised, whereas the other vials were irradiated at different times and then lyophilised. Lyophilised samples were used for spectroscopic measurements and enzymatic assays.
Activity assays -The activity of Lyso was assayed on lyophilised aliquots of protein aqueous solutions irradiated at different times by the procedure reported by Shugar [20] . The enzymatic assays were performed after determination of the Lyso concentration in each sample [21] [22] in order to use equal amounts of both irradiated and control protein. Reaction mixture (3 mL) was composed of Micrococcus lysodeikticus cells (2.9 mL, 0.3 mg/mL) in 0.1 M potassium phosphate pH 7.0 and Lyso (0.1 mL, 1 mg/mL). Change in absorbance at 450 nm was recorded in a Cary 1 spectrophotometer (Varian). The reaction was followed for 4-5 minutes. Specific activity was calculated as follows:
Units / mg = ∆ A450 / minute x 1,000 mg enzyme/assay One enzyme unit is equal to a decrease in turbidity of 0.001/minute at 450 nm, at pH 7.0 and 25 °C.
RESULTS AND DISCUSSION

Lipid isomerisation in biomimetic model
To obtain a biomimetic model, we prepared MLV from DOPC (1), which is a commercially available phospholipid having two identical fatty acid hydrocarbon tails, i.e. oleic acid (9cis,18:1) [23] . This allowed to deal with one vesicle component, as the simplest model compound containing only one double bond in the naturally occurring cis configuration. Moreover, the corresponding cis and trans FAME, i.e., methyl oleate and elaidate, are commercially available and they could be used as the reference compounds for isomer identification. 
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We used a 2.4 mM aqueous suspension of MLV made by DOPC and a lipid/protein ratio of 58:1, which from an inspection of the literature available on protein encapsulation allows to minimize the influence of protein complex on the lipid organization [23] . After MLV preparation with the Lyso inclusion, the model was used for irradiation experiments. 100µ L aliquots of the suspension were withdrawn at different times, in the interval of 2-60 minutes, for lipid isolation and derivatization to the corresponding FAME [25] , followed by GC injection.
The percentages of trans isomers found in DOPC vesicles after irradiation in the presence of Lyso are reported in Table 1 The vesicle experiments not only indicate the formation of thiyl radical species deriving from the attack of sulfur residues of the protein, but also evidence that this reaction does not occur immediately. Then, it can be suggested that at the beginning the first residues to be exposed to the free radical attack are aromatic residues, as reported in previous investigations on Lyso; subsequently, structural changes induced on the protein probably rendered the sulfur-containing residues more exposed and susceptible of radical attacks.
Enzymatic activity.
The results of the enzymatic assays are reported in Table 1 . After 84 Gy the residual enzymatic activity of 95% was observed and did not decrease below 70% after ca. 1 kGy of irradiation dose (60 min exposure). This indicate that the protein degradation is not occurring with substantial changes of the active site. The Lyso resistance to the degradation by γ -irradiation is remarkable and this protein resulted much less affected by γ -irradiation, compared to UV and X-irradiations. . [26] 3. Raman Spectroscopy.
To monitor the changes in the protein structure and the microenvironment of side chains, resulting from the free radical exposure, the Raman spectra of the protein were recorded before and after irradiation. The Raman spectra of untreated Lyso and irradiated Lyso with different doses (from 33 to 1002 Gy,) are shown in Fig. 1 . The irradiation doses were chosen on the basis of the results of the enzymatic assays described above.
From a qualitatively examination of the spectra, the most evident modifications were visible in the 60 minute-irradiated Lyso, in particular in amide I and some bands attributable to Trp residues.
As it is well known, the amide I Raman band is conformationally susceptible and the changes of its spectral features are correlated with the modifications in the secondary structure contents [27] . In order to show clearly the changes in the wave number and profile of the amide I band due to γ -irradiation, the spectral region 1590-1720 cm ) after ca. 1 kGy exposure (Table 2) , indicating a significant decrease of the α -helix content upon irradiation. In addition, the new shoulder visible at 1688 cm -1 , as well as the intensity increase in the ≈ 1270 cm -1 band, both attributable to β -turns [27] , could also indicate a slight increase of unordered structures (Fig. 1) .
In order to better define the conformational changes, the percentage of the secondary structure of Lyso were calculated by a method based on a combination of Xray and Raman data [28] . The results are reported in Table 3 lead to the formation of β -pleated sheet structures (β -aggregation) [29] .
The aromatic side chains give rise to some interesting features in the spectra (Fig.1 ) which reflect changes in the environment of this side chains. In particular, a strong increase in the intensity ratio (I 1360 /I 1340 ) of the Fermi doublet of Trp was observed (≈ 40%) as a consequence of 1002 Gy exposure, indicating an increase in the hydrophobicity of the Trp environment (Fig.1D ) [30] . On the contrary, the two shorter exposure of Lyso did not seem to affect sensitively the I 1360 /I 1340 doublet.
This result was confirmed by the spectral feature changes of other Trp bands. In particular, the 877 cm -1 band (Fig. 1A) , marker of the hydrogen bond strength [30] , became broad and shifted to 880 cm -1 after 60 minutes of irradiation (Fig. 1D) , indicating that the N-H group of some Trp gives rise to weaker hydrogen bonds, probably since the residues are sited in a more hydrophobic environment.
The band visible at 1553 cm -1 in the Raman spectra of both the untreated and the briefly irradiated protein, greatly decreased in intensity (≈ 50%) and was splitted into two components at 1552 and 1542 cm -1 after 1002 Gy exposure (Table 2 ). Since this band is a marker of the orientation of the indole ring with respect to the peptide backbone [31] and Lyso contains six Trp residues, the appearing of a new component at lower wave number with an intensity similar to that of the 1552 cm This result can be connected with the relevant conformational change observed at this irradiation dose, that probably makes more accessible to the radical attack some Trp residues. In particular, Trp-62 and Trp-63 can be involved in the radical oxidation, since the first is more accessible to the solvent compared with the other Trp residues [32] and the second is known for its flexibility and its sensitivity to radiation damage [33] . In addition, since this two Trp residues are known to be present within the catalytic region of Lyso, their radical-induced modifications can be involved in the enzymatic activity decrease observed after this exposure time.
Tyr frequently plays a key role in proteins through hydrogen bonding of the hydroxyl group. Among many Tyr Raman bands, the doublet at 850-830 cm band significantly increased its intensity, suggesting that almost all the Tyr residues are exposed. Since Tyr-53 is hydrogen bonded with the amino group of Asp-66 [13] and is adjacent to the catalytic residue Asp-52, the changes in the Tyr environment can be associated both with the modification of the environment of the neighbouring Trp residues (Trp-62 and Trp-63) and the effect of irradiation on the enzymatic activity of Lyso.
Raman spectroscopy is also a useful tool for obtaining information on the changes of the sulfur moieties in protein. The four S-S bridges of Lyso give rise to two Raman bands at 508 and 524 cm -1 (Fig. 1A) , due to the gauche-gauche-gauche (ggg) and the gauche-gauche-trans (ggt) conformations [35] , whereas the two Met residues of Lyso give rise to a weak band at ≈ 720 cm -1 . The low irradiation doses seem to affect neither the number of the S-S bridges nor the Met residues, since the spectral features of the ν S-S and ν C-S bands did not change significantly. Only in the 60-minutes-irradiated sample the intensity of the peak at ≈ 510 cm -1 slightly decreased, indicating a small change in the amount of the ggg disulfide bridges, as well as an high wave number shift of the ν C-S band of Met was observed, although the weakness of the band makes uncertain the evaluation. (Fig. 1D) . On the other hand, the two Met residues of Lyso (Met-12 and Met-105) are known to be both located in a central core buried from the solvent [32] ; thus, the radical attack on them could result to be partially blocked by the protein structure and could be connected with the change in the α -helical structure occurring at the same dose. In fact, Met-12 is located in one of the three stretches of α -helix of Lyso [13] [14] and the decrease in the α -helix content, occurring at the highest dose, could allow exposure of this sulfur-containing residue, rendering it more susceptible of radical attack.
The possible rupture of ggg disulfide bonds could be associated with the changes observed in the Trp bands. In fact, according to the X-ray structural analysis of Lyso, the Cys64-Cys80 bridge is one of the three disulfide bonds with a ggg conformation [13] [14] and a relationship between conformational changes in Cys64-Cys80 and Trp-62
and Trp-63 has been reported [36] . Therefore, distortion or breaking of this disulfide bridge will certainly change the environment of these neighbouring residues, primarily
Trp-62 and -63.
CONCLUSIONS
On the basis of these results we can conclude that γ -radiations provoke damage to the Lyso structure, which probably play a significant role in blocking the ready access of free radicals both to the sulfur-containing residues and the active site.
However, there is a clear relationship between the irradiation time and the extent of the damage, as results from the changes of the spectroscopic features as well as the enzymatic activity.
The Raman data confirm that Tyr are among the most sensitive residues towards oxidation. In fact, they can be directly oxidized either by free radicals, leading to the phenoxyl type radical (TyrO .
) or through intra-molecular electron transfer that can be initiated by oxidation of other residues, such as Trp.
The degradation of sulfur moieties does not occur immediately, but as irradiation progressed, the involvement of these residues takes place as evidenced both by the trans isomer formation in the lipid/protein biomimetic model and the changes observed in the Raman spectra.
These results can be useful for a better understanding of mechanisms of tandem radical damages occurring in a biological environment. Moreover, the reactivity of sulfur moieties with formation of thiyl radical species encourages further investigations on some proteins rich in cysteine and methionine residues which are involved in human pathologies [37] . 
